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Abstract

:

Irrigation systems increase fruit yield of water shortage orchards in semiarid and arid lands, but their environmental impacts remain unclear. This study carries out a comparative cradle-to-gate life cycle assessment (LCA) of the furrow and drip irrigated pear production systems in the Loess Plateau of China based on 2009–2018 inventory data from integrated experimental stations. The water depletion (WD), water footprint (WF), global warming (GWP), acidification (AP), and eutrophication (EP) potentials of the furrow and drip irrigated pear production systems were calculated and compared, including the orchard installation phase (phase I), primary growing phase (phase II), low production phase (phase III), and full production phase (phase IV). Results indicated that the cumulative WD, GWP, AP, and EP of the drip irrigated system were 148.3 m3, 130.1 kg CO2-eq, 0.9 kg SO2-eq, and 0.6 kg PO4-eq per ton of pear fruit harvest, respectively, which were 37.3–73.5% lower than those of the furrow irrigated system. The GWP, AP, EP, and WD of phase I to III contributed 39.3–46.1% in the drip irrigated system vs. 27.8–38.6% in the furrow irrigated system of the total amount, which should not be neglected in perennial orchard systems. The annual WFs were 0.9, 0.2, and 0.2 m3 kg−1 year−1 in phases II, III, and IV of the drip system, respectively, which were 50–71.4% lower than that of the furrow system. Green WF of furrow and drip irrigated systems were approximately the same, but the blue WF and grey WF of drip irrigation systems were 35.7–62.1% and 66.0–73.2% lower than those of the furrow irrigated system. The drip irrigated pear production system significantly mitigated environmental impacts and WFs, mainly due to reduced fertilizer application, water consumption, electricity, and diesel demand. Irrigation that changed from a furrow to a drip system was responsible for most environmental reductions, but 8% decreases of yields in phase IV. The outcomes from assessing the furrow and drip irrigated pear production systems could provide useful information for decision-making by the pear orchardists in the Loess Plateau.
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1. Introduction


Improving global agriculture for food security to satisfy the burgeoning population growth and mitigating environmental impacts have become important goals in recent years [1]. With the improvement of people’s living standards, demands on grains, vegetables, and fruits in China have significantly increased [2,3]. In this regard, China has developed effective land-use policies (e.g., agrarian reform and the household responsibility system) for developing intensive agriculture, which has led to dramatic improvements in agricultural production and productivity over the last 50 years [4]. However, recent studies have demonstrated that Chinese intensive agriculture incurs substantial environmental costs, resource depletion, land and freshwater degradation [5]. In particular, China’s intensive fruit production systems are at high environmental risks due to the excessive application ratio of chemical fertilizers and large consumption of water [6,7,8,9]. Accordingly, it is imperative to evaluate the environmental impacts and water productivity of fruit production systems in China and searching for approaches to environmental potential mitigation, water-saving, and sustaining fruit productivity via improved orchard management strategies.



In the past 20 years, life cycle assessment (LCA) has been used to estimate the potential environmental impacts in a certain agricultural production system [10,11,12]. Researches have been conducted to qualify the total environmental costs and determine the main contributors of fruit product systems to identify mitigation strategies in fruit production and retail based on the LCA methodologies [6,13,14]. However, these works are mostly underestimated since they consider only the environmental impact of the full production phase [15]. In the direct selling supply chain of apple and peach production systems, the contribution to the environmental impacts of orchards in other phases (except for the full production phase) was 20–30%, which should not be neglected in perennial orchard systems [11]. Studies on environmental impact estimations of orchards in other phases are still lacking.



On the other hand, droughts have a negative effect on agriculture production and represent one of the most destructive climate disasters worldwide [16]. Due to economic development and population growth, the extensive land-use exchange for fruit cultivation (especially for apples and pears) on the Loess Plateau increases rapidly [17]. However, the Loess Plateau is located in northwestern China, characterized by a semiarid and arid climate and severe water shortages. In this regard, localized irrigation techniques (such as furrow, spray, and drip irrigation) have become increasingly popular methods to save water in intensive orchards because they more efficiently reduce deep percolation and evaporation [18]. Previous studies have demonstrated that drip irrigation systems can improve water use efficiencies by 17.2% in apple orchards and 17.6–24.6% in pear orchards of the Loess Plateau, respectively [19,20]. Although water-saving irrigation technologies could increase water use efficiency and yields, the water consumption and environmental costs during the material construction process for irrigation systems cannot be overlooked [21]. Nevertheless, such costs are rarely calculated because the construction of an irrigation project always occurs in the installation phase of an orchard.



The standard cultural practices in local pear production included annual artificial fertilization, flower, fruit thinning, bagging, pesticide management, and winter pruning. Additionally, there is an absence of multi-year LCAs comparing the environmental impacts under improved irrigation management of the fruit production systems in the Loess Plateau. The objectives of this study were to (1) evaluate the environmental impacts of furrow and drip irrigation pear production systems from the orchard installation to full production phase based on inventory data for ten consecutive years collected from integrated experimental stations on the Loess Plateau and (2) compare the main contributors for environmental potentials of the two irrigation systems and provide options for environmental mitigation, water-saving, and better orchard management.




2. Materials and Methods


2.1. Case Study Area and Weather


Baiyin city (37°12′6″ N, 104°02′04″ E) in Gansu Province of the Loess Plateau is characterized by temperate arid semiarid climate conditions and high soil erosion in the north temperate zone, with high evaporation rates and low precipitation. The average annual temperature, total hours of sunshine, and precipitation are 8.2 °C, 2726 h, and 206 mm, respectively (Table S1). This region is an important cultivation area for Huangguan pear (Pyrus bretschneideri Rehd. cv. “Huangguan”) and Zaosu pear (Pyrus bretschneideri Rehd. cv. “Zaosu”) production in the Loess Plateau due to its favorable natural weather conditions. The pear planting area and yield are 35,700 ha and 404,148 tons, respectively [22].




2.2. Description of Irrigated Pear Production Systems


In this study, the experimental demonstration site of furrow (4 ha) and drip irrigated (3.2 ha) pear orchard systems were set up in October 2009 by transplanting 2-year-old “Huangguan” grafted seedlings with the same frame of 1.5 m × 4 m in single ridging after the soil tillage by a diesel-guzzling rotavator. No control treatments were set up. The initial soil properties of the two experimental demonstration sites: pH 7.73, 10.71 g kg−1 SOC, 0.59 g kg−1 total nitrogen, 29 mg kg−1 available phosphorus, and 191 mg kg−1 available potassium in the furrow irrigation system; pH 7.63, 8.8 g kg−1 SOC, 0.40 g kg−1 total nitrogen, 23 mg kg−1 available phosphorus, and 152 mg kg−1 available potassium in the drip irrigation system. Therefore, the initial application amount of organic fertilizer in the drip irrigated system was higher than the furrow irrigated system. In addition, weed management was conducted in the late spring and medium summer after the flower and fruit thinning by the diesel-guzzling rotavator. After the leaves fall, the waste leaf litter and soil tillage were simultaneously operated by the same diesel-guzzling rotavator. After harvest and pruning branches in winter, the wasted paper bags were transported to the nearby recycle bin and power station for further recycling. To ensure the normal growth of pear trees and the harvest of fruit, irrigation management is indispensable. In the conventional furrow irrigation system, water is directly pumped into the furrows between trees. In recent years, subsurface drip irrigation management was carried out in some pear orchards. In drip irrigated systems, water is first pumped into PVC buckets and then allocated via drip pipes to the trees. The main pipes (with one pump per plot) of the drip irrigated orchards were placed crosswise, with the capillary pipes at the front of the plots. Two capillary pipes were laid between the rows near the pear trees (see the diagram in Figure S1). The irrigation amount and timing of the furrow or drip systems were scheduled to supplement rainfall and meet tree water requirements. The irrigation amounts for each phase per year are shown in Table 1. In mid-September, the mature pears were sold to the fruit purchase point near the orchard (less than 5 km). About 30% of the harvest pears produced by the furrow irrigated system or the drip irrigation system would be sold in the surrounding cities after packaging in the fruit purchase point. The remaining pears would be stored in the cold house for about five months and sold in batches around the spring festival across the country.




2.3. LCA Methodology


The LCA method in this study was designed as a series of four steps according to the ISO 14,040 and 14,044 standards [23,24], including system boundary and functional units, life cycle inventory analysis, selection of impact categories and emission parameters, and life cycle impact assessment.



2.3.1. System Boundary and Functional Units


Contributions of the orchard phase in fruit production systems were identified most to the environmental impacts in the scenario of the direct selling supply chain [11,15]. The system boundaries in this study extended from the cradle to gate to identify different irrigated systems on the environmental impact, which only focused on pear production from the orchard installation phase to the full production phase. The environmental assessments of the “farm-to-consumption” between the furrow and drip irrigated systems were not considered in this study for the same processing steps. There were two subsets in the LCA analysis of the furrow and drip irrigated pear production systems (Figure 1). The first subset included the production and transportation of agricultural materials (AMS, fertilizers, pesticides, diesel fuels, and paper bags). The second subset included management and application of agricultural materials (OMS, fertilizer application, bagging, pruning, weeding, and pest management, diesel, and electricity consumption by different machines). As the fruit yield in phase I was 0, the impacts were expressed only as per ha, whereas the impacts of phase II to IV were expressed in both per hectare and per metric ton of pear production.




2.3.2. Life Cycle Inventory Data


The foreground data were extracted from the orchard managers’ annual production record manuals of the integrated experimental station by the modern agricultural industry technology system during ten consecutive years (2009–2018). The inventory data included the corresponding four phases of pear growth: orchard installation phase (Phase I) for one year, primary growing phase (Phase II) for two years, low production phase (Phase III) for two years, and full production phase (Phase IV) for five years (Table S2). Data about the cultivation and management of pear production were collected. In detail, the fertilization time and ratio, the amount of irrigation water and corresponding electricity usage, the pesticides and paper bags consumption in the fruit growing seasons, the diesel consumed by diesel-guzzling rotavator, and the amount of PVC pipes and buckets used in the drip irrigated system are recorded in Table 1. The additional background data included the transportation of pesticides, paper bags, diesel, and PVC and the waste of leaf litter, paper bags, and pruning branches. Through the investigation in the agricultural supply stores near the orchard, the average transportation distance of agricultural materials above was postulated 50 km. Furthermore, the waste leaf litter was simultaneously operated with the soil tillage by diesel consumed machines in the autumn. The wasted paper bags (assumed as 100% recycling) and pruning branches were transported to the nearby recycle bin (10 km) and power station (20 km), respectively.




2.3.3. Selection of Impact Categories and Emission Parameters


For comparing the environmental costs and water productivity of the furrow and drip irrigated pear production systems, GWP, AP, EP, WD, and WFs affected by different irrigation practices were selected and calculated. The emission parameters of the foreground data were collected from published papers based on related indicators for furrow and drip irrigated fruit production systems in semiarid and arid lands (see details in Tables S3–S5). The environmental potentials calculated by the LCA from the local and latest emission factors could ensure the calculation accuracy of results. The emission parameters of background data on the transportation of agricultural materials and wastes by agricultural tractors were extrapolated from the Ecoinvent database v3 in Simapro 5.2 (2016).




2.3.4. Life Cycle Impact Assessment


The calculation of GWP over 100 years was based on formulas from the fifth assessment report of the Intergovernmental Panel on Climate Change [25]. The AP and EP were calculated by the EDIP97 method [26].



The formulas for the estimation of impact categories in each phase were as follows:


EIi = EIAMS-i + EIOMS-i



(1)






EIAMS-i = ∑ (APAMSi-j ×EPAMSi-j)



(2)






EIOMS-i = ∑ (APOMSi-j ×EPOMSi-j)



(3)







In Formula (1), the EIi is the abbreviation for the environmental impacts of i, with i representing the GWP, AP, and EP, which expressed as kg CO2 eq, kg SO2 eq, and kg PO4 eq per hectare/ton of pear production, respectively, in the furrow or drip irrigated systems; EIi is accounted as the EIAMS plus the EIOMS, which represent the environmental impacts calculated in the subsets of the agricultural materials stage and the orchard management stage, respectively. In Formulas (2) and (3), the APAMSj and APOMSj are the abbreviations for the application amount of item j in the agricultural materials stage and orchard management stage, respectively. EPAMSj and EPOMSj are the abbreviations for the emission parameter of item j in the agricultural materials stage (Table S3) and orchard management stage (Table S4), respectively, with j representing the fertilizers application ratio (N, P2O5, and K2O) expressed as kg, pesticides (kg), paper bags (kg), pruning (kg), and PVC pipes and buckets amount (kg) used in the drip irrigated system, as well as diesel (L) and electricity (kWh) used in both systems. According to Huijbregts et al. (2000), and Deng and Wang (2003), the conversion of equivalent coefficients in this study were listed in Table S3 of the Supplementary Materials [27,28].



The cumulative emission amounts of different impacts were finally expressed as follows:


TEIi = EIphaseI × 1 + EIphaseII × 2 + EIphaseIII × 2 + EIphaseIV × 5



(4)




where TEIi is accounted as the total environmental impacts of i, with i representing the global warming potential (kg CO2 eq), acidification potential (kg SO2 eq), and eutrophication potential (kg PO4 eq) and divided by the total hectare/tonnage of pear production from the orchard during 2009–2018.





2.4. Water Depletion (WD) Calculation


The WD was defined as the real tree evaporation, which was estimated by the method of Howell (2001) [29]. The seasonal WDs of the furrow and drip irrigated systems were calculated as follows:


WD = Peff + Ir + SWD + C − R − Dr



(5)




where WD is the water depletion during a growing season (m3 year−1) per hectare/ton of pear production. Peff is the precipitation data collected by the local meteorological station. Ir is the field irrigation volume by the furrow or drip systems, which was based on the local water demand during the growing season of pear trees. The soil water depletion (SWD) represents the difference between the initial soil water content and the final soil water content at 2 m depth. The runoff (R) in pear orchards was negligible because of the limited rainfall in the Loess Plateau and the large water holding capacity of the root zone soil. Furthermore, Dr and C are the drainage and capillary rise, respectively, which were assumed to be zero since the groundwater was too deep at greater than 8 m below the soil surface in the pear orchards.



The total water depletion (m3 per unit) was calculated as follows:


TWD = WDphaseI × 1 + WDphaseII × 2 + WDphaseIII × 2 + WDphaseIV × 5



(6)




where TWD is accounted as the sum of water depletion (m3) during 2009–2018 and divided by the total hectare/tonnage of pear production in the furrow and drip irrigated systems.




2.5. Water Footprint (WF) Calculation


The WF of pear production results from the quantification of green, blue, and gray water volume components. In addition to the data sources listed in Table 1, the other crop and soil data are obtained from FAO (FAO, 1998) to estimate the WF. The crop evapotranspiration (ETC, mm), effective precipitation (Peff, mm), and irrigation requirement (i.e., the difference between ETC and Peff, mm) were estimated by the software CropWat 8.0 (http://www.fao.org/nr/water/infores_databases_cropwat.html, accessed on 12 June 2021). We used the crop coefficient reported by Zhang et al. (2018) to calculate the crop evapotranspiration [9]. Annual WFs represent different growing phases were calculated as the sum of WFs in each phase divided the corresponding years (i.e., phase II of two years, phase III of two years, and phase IV of five years, respectively) and finally expressed as m3 kg−1 year−1. Then, the green orchard water footprint (GWF, m3 kg−1 year−1) was calculated as follows:


  GWF = 10 · min  (    ET  C  ,  P  eff    )  / FY  



(7)




where 10 is the factor to convert water depths (mm) into water volume per land surface (m3 ha−1). FY is the fresh pear fruit yield (kg ha−1).



The blue orchard water footprint (BWF, m3 kg−1 year−1) was calculated as follows:


  BWF =    max   (  10 ·  (    ET  C  −  P  eff    )  , I  )  / FY  



(8)




where I represents the irrigation (m3 ha−1). FY is the fresh pear fruit yield (kg ha−1).



The gray orchard water footprint (GRWF, m3 kg−1 year−1) was calculated with the following formula:


GRWF= a·AR/FY·(Cmax − Cnat)



(9)




where a is the leaching-runoff fraction (see detail in Table S4), AR is the nitrogen application rate to the pear orchards (kg N ha−1), FY is the fresh pear fruit yield (kg ha−1), Cmax is the maximum acceptable concentration, with a value of 10 mg L−1 for N as suggested by the Environmental Protection Agency, and Cnat is the natural N concentration, which was assumed to be zero due to lack of data.




2.6. Sensitivity Analysis


The results of environmental impacts and water footprint calculated in this study could be directly affected by parameters of the reactive nitrogen losses (ammonia volatilization, N2O emission, and nitrate leaching). In addition, the reactive nitrogen losses could be easily influenced by the amount of nitrogen applied and irrigation frequency in the actual orchard management. Thus, a scenario model was conducted to estimate the influence on the environmental impacts and water footprint by decreasing 10% of the reactive nitrogen losses emission parameters [30,31,32]. The sensitivity analysis was constructed by the same inventory data in Table 1 of the full production phase.




2.7. Statistical Analysis


Excel (Microsoft Corporation, Washington, DC, USA) and SimaPro 5.2 (PRé Sustainability, LE Amersfoort, the Netherlands) were used to collate and calculate the data. One-way analysis of variance (ANOVA) was analyzed the differences between irrigation systems by using SPSS 16.0. Duncan’s new multiple range (SSR) tests were employed to identify the significant differences (p < 0.05). Origin Pro 2020 (OriginLab Corporation, Northampton, MA, USA) was used to draw the figures.





3. Results


3.1. Input and Output of Furrow and Drip Irrigation Pear Production System in the Loess Plateau


The inputs of agricultural materials of the furrow and drip irrigation pear production system in the surveyed area are summarized in Table 1. Compared to the furrow system, the drip irrigated system is treated with a slightly higher amount of total fertilizer in phase I (626 kg N ha−1, 125.1 kg P2O5 ha−1, and 305.7 kg K2O ha−1 per year in drip irrigation vs. 402.9 kg N ha−1, 72.3 kg P2O5 ha−1 and 182.5 kg K2O ha−1 per year in furrow irrigation) and substantially lower amounts of total fertilizer in phases II-IV (198–262.3 kg N ha−1, 102.1–307.5 kg P2O5 ha−1, and 21.1–135.0 kg K2O ha−1 per year in drip irrigation vs. 417.3–830.9 kg ha−1, 146.7–555.2 kg P2O5 ha−1 and 182.5–285.2 kg K2O ha−1 per year in furrow irrigation), respectively. In the furrow irrigation system, the annual application rate of chemical nitrogen fertilizer increased exponentially (from 55.2 to 624.8 kg N ha−1) from phase I to phase IV. In contrast, the annual application rate of organic nitrogen fertilizer was maintained at 347.7 kg N ha−1 for phases I to III and dropped slightly to 206.1 kg N ha−1. Nevertheless, the annual application rate of chemical nitrogen fertilizer increased steadily (from 46.5 to 350.3 kg N ha−1) from phase I to phase IV in the drip irrigation system. In contrast, the initial application rate of organic nitrogen fertilizer was 579.5 kg N ha−1 for phase I, but dropped sharply to 12 kg N ha−1 per year for phases II-IV. The electricity only used for irrigation with groundwater in the furrow system was 815.1–1630.2 kWh ha−1 year−1 during phases I to IV. The electricity used for both irrigation with groundwater and fertilizer pumps in the drip system was 514.8–1115.4 kWh ha−1 year−1 during phases I to IV. The depletion of irrigation water in the furrow system was, on average, 52% higher than that of the drip system throughout phases I to IV. Compared to the drip system, the amount of diesel fuel consumed in the furrow irrigated system was similar in phase I (125 L ha−1 year−1), but higher (56, 75, and 90 L ha−1 year−1 in furrow irrigation vs. 47.5, 52.5, and 67.5 L ha−1 year−1 in drip irrigation) in phases II–IV, respectively. The paper bags used in the furrow or drip system were similar in phases I to IV (ranging from 0–900 kg ha−1 year−1). The annual pesticide uses in the furrow system ranged from 6.1 to 16.80 kg ha−1 in phases I to IV, which was slightly higher than the drip system (4.3 to 15.3 kg ha−1 year−1). The PVC consumption in only the drip system of phase I was 602.4 kg ha−1 without any increases during phases II to IV. Different irrigation systems induced significant differences in the development of pear trees, especially the fruit yield and waste pruning. The average yield for the drip irrigated system in phases II to III (9 and 37.5 t ha−1 year−1) was higher than that of the furrow irrigated system (7 and 27.5 t ha−1 year−1). In comparison, the average yield per year for the drip irrigated system in phase IV (67.5 t ha−1) was lower than that of the furrow irrigated system (72.5 t ha−1). The waste branches in annual winter pruning of the furrow irrigated pear system (ranging from 1.2 to 4.8 t ha−1 per year in phase II to IV) were significantly higher than that of the drip irrigated system (ranging from 0.6 to 2.9 t ha−1 per year in phase II to IV).




3.2. Water Depletion and Water Footprint of the Furrow and Drip Irrigation Pear Production System in Each Growing Phase


The WD and WF of the furrow and drip irrigation pear production system in different phases are presented in Figure 2. The WD of both the furrow and drip system increased by 120.3% and 108.6% from phase I to phase IV, respectively, while the WF of both the furrow and drip system decreased by 81% and 77.8% from phase II to phase IV, respectively. The WDs of the furrow system were 5682, 7212.5, 9604, and 12,517.2 m3 ha−1 year−1 in phases I to IV, respectively, which were 45.0–70.5% higher than that of the drip system (3732, 4972.5, 5631.5, and 7784.5 m3 ha−1 year−1). The total WFs in phases II to IV of the furrow systems were 2.1, 0.7, and 0.4 m3 kg−1 year−1, respectively, which were 2.3, 3.5, and 2 times that of the drip system (0.9, 0.2, and 0.2 m3 kg−1 year−1). The contributions of the GWF, BWF, and GRWF to the total WF were 8.2–13.4% in phase II, 37.7–42.6% in phase III, and 48.6–53.7% in phase IV for the furrow system. The contributions of the GWF, BWF, and GRWF to the total WF were 16.5–25.4% in phase II, 42.8–45.7% in phase III, and 31.8–38.2% in phase IV for the furrow system. GWF of furrow and drip irrigated systems were approximately the same, but the BWF and GRWF of drip irrigation systems were 35.7–62.1% and 66.0–73.2% lower than those of the furrow irrigated system. Gray water consumption was the major drive for the furrow irrigation pear production system, while blue water played a dominant role in the drip irrigation pear production system.




3.3. Environmental Impacts of Furrow and Drip Irrigation Pear Production Systems in Growing Phases


When expressed per hectare of pear cultivation area, the global warming (GWP), acidification (AP), and eutrophication (EP) potentials of furrow and drip irrigated pear production systems in the loess plateau of the four growing phases are shown in Figure 3. The GWP, AP, and EP of the furrow irrigation system increased with the growing phase, while the GWP, AP, and EP of the drip irrigation system first decreased and then increased with the growing phase. In the orchard installation phase, the GWP of the drip system (6330.8 kg CO2 eq ha−1) was 54.9% higher than that of the furrow system (4086.8 kg CO2-eq ha−1). Additional inputs on the PVC supplies contributed 58.2% to the total GWP in the drip system, while fertilization in the OMS contributed 60.9% to the total GWP in the furrow system. The AP and EP of the drip system in phase I were 28.5% and 4.7% lower than those of the furrow system (64.8 kg SO2-eq and 42.9 kg PO4-eq per ha in drip system vs. 90.6 kg SO2-eq and 45 kg PO4-eq per ha in furrow system), respectively. In the primary growing phase (phase II), the annual GWP, AP, and EP of the drip system were 31.2%, 74.7%, and 69.0% lower than those of the furrow system (3017.9 kg CO2-eq, 22.8 kg SO2-eq, and 14.5 kg PO4-eq per ha in drip system vs. 4389.5 kg CO2-eq, 90.0 kg SO2-eq and 46.7 kg PO4-eq per ha in furrow system), respectively. Similarly, in the low production phase (phase III), the annual GWP, AP, and EP of the drip system were 31.3%, 72.1%, and 65.9% lower than those of the furrow system (4935.7 kg CO2-eq, 33.3 kg SO2-eq, and 21.2 kg PO4-eq per ha in drip system vs. 7187.9 kg CO2-eq, 118.8 kg SO2-eq and 62.2 kg PO4-eq per ha in furrow system), respectively. In the full production phase (phase IV), the annual GWP, AP, and EP of the drip system were 51.0%, 77.3%, and 72.1% lower than those of the furrow system (6837.3 kg CO2-eq, 44.4 kg SO2-eq, and 28.1 kg PO4-eq per ha in drip system vs. 13,924 kg CO2-eq, 194.5 kg SO2-eq and 101.5 kg PO4-eq per ha in furrow system), respectively. The results also showed that fertilizer production and transportation in the AMS and application in the OMS contributed dominantly to the environmental potentials in phases II to IV in both the furrow and drip systems (Figure 3). In detail, fertilizers in the AMS and OMS of the furrow system contributed 73%, 68%, and 76% to the GWP in phases II, III, and IV, respectively. However, fertilizers in the AMS and OMS of the drip system contributed 71%, 63%, and 59% to the GWP in phases II, III, and IV, respectively. Similarly, fertilizers in the AMS and OMS of the furrow system contributed 96–97% to the AP in phases II-IV and 86–89% to the AP in phases II-IV in the drip system. In addition, fertilizers in the AMS and OMS of both the furrow and the drip system contributed 96% above the EP in phases II-IV.



When expressed per ton of fresh pear, the GWP, AP, and EP in phases II to IV of both furrow and drip irrigation pear production systems decreased with the growing phases (Figure 4), which mainly resulted from the increase in yield (Table 1). The annual GWP of the furrow irrigated system (639.7, 263.4, and 193.5 kg CO2-eq t−1) in phase II to IV were 1.9–2.0 times those of the drip irrigated system (338.4, 132.2, and 101.5 kg CO2-eq t−1), respectively. However, the annual AP of the furrow irrigated system (12.9, 4.3, and 2.7 kg SO2-eq t−1) in phase II to IV were 3.9–5.2 times those of the drip irrigated system (2.6, 0.9, and 0.7 kg SO2-eq t−1), respectively. Similarly, the annual EP of the furrow irrigated system (6.8, 2.3, and 1.4 kg PO4-eq t−1) in phase II to IV were 3.3–4.1 times those of the drip irrigated system (1.6, 0.6, and 0.4 kg PO4-eq t−1), respectively. The results also showed the main contributors of agricultural material inputs to the environmental potentials. In general, fertilizer usage in the AMS and OMS contributed dominantly to the environmental potentials in phases II to IV of both the furrow and the drip systems (Figure 4), but the contribution of the furrow system was higher than that of the drip system. In detail, fertilization in the OMS (contributing 59.3%) was identified as the dominant factor contributing to the GWP of the furrow system in phase II, followed by electricity and diesel consumption in the OMS (19.8%), fertilizer production, and transportation in the AMS (14.2%), and pesticide and paper bags in the AMS (6.7%). However, the production and transportation of fertilizers in the AMS (53.1%) contributed the most to the GWP of the drip system in phase II, followed by fertilizer application in the OMS (21.9%), electricity by irrigation, and diesel usage in the OMS (15.4%), and pesticide and paper bags in the AMS (9.5%). Similarly, the contributions of the fertilizers in the AMS and OMS to the GWP in the furrow irrigated system were 66.4% and 75.9% in phases III and IV, respectively, while the contributions of the fertilizers to the GWP in the AMS and OMS of the drip system were 65.6% and 59.8% in phases III and IV, respectively. The contributions to the AP of the fertilizers in the AMS and OMS of the furrow system were 95.3–96.8% in phases II to IV, while the contributions to the AP of the fertilizers in the AMS and OMS of the drip system were 79.2–91.9%. In addition, the contributions of the fertilizers in the AMS and OMS to the EP in the furrow and drip system in phases II to IV were close at more than 95% on average.




3.4. Total Amount and Contribution of the Environmental Impacts in Furrow and Drip Irrigation Pear Production Systems


The total amount of the environmental impacts and water depletion during 2009–2018 of the furrow and drip irrigation pear production systems are shown in Table 2. The total GWP, AP, EP, and WD of the furrow system were 96,846 CO2-eq, 1481 SO2-eq, 770 PO4-eq, and 101,901 m3 expressed per ha of pear production, which were 1.7, 3.7, 3.0, and 1.6 times that of the drip system (56424 CO2-eq, 399 SO2-eq, 255 PO4-eq and 63,863 m3). The total GWP, AP, EP, and WD of the furrow system were 225 CO2-eq, 3.3 SO2-eq, 1.8 PO4-eq, and 236 m3 expressed per ton of pear production, which were 1.7, 3.8, 3, and 1.6 times that of the drip system (139 CO2-eq, 0.9 SO2-eq, 0.6 PO4-eq and 148 m3). Phase contribution analysis of the furrow and drip irrigation pear production system is illustrated in Figure 5. The GWP, AP, EP, and WD of the full production phase contributed more than 50% of the total amount during the four phases. In detail, the GWP in phase IV of the furrow system contributed 72.2%, followed by that in phase III (14.6%), phase II (9%), and phase I (4%). The GWP in phase IV of the drip system contributed 60.7%, followed by that in phase III (17.2%), phase I (11.5%), and phase II (10.6%). The AP in the furrow system of phase IV contributed 65.4%, followed by that in phase III (16.0%), phase II (12.4%), and phase I (6.3%). The AP in the drip system of phase IV contributed 53.7%, followed by that in phase III (16.6%), phase I (17.6%), and phase II (12.1%). Similarly, the EP in phase IV of the furrow system contributed 64.7%, followed by that in phase III (16.2%), phase II (12.8%), and phase I (6.3%). The EP in the drip system of phase IV contributed 53.9%, followed by that in phase III (16.6%), phase I (17.8%), and phase II (11.8%). The WD in the drip system of phase IV contributed 61.0%, followed by that in phase III (17.6%), phase II (14.2%), and phase I (5.6%). The WD in the drip system of phase IV contributed 61.4%, followed by that in phase III (18.9%), phase II (14.2%), and phase II (5.6%). The EP in the drip system of phase IV contributed 53.9%, followed by that in phase III (16.6%), phase I (17.8%), and phase II (11.8%). The WD in the drip system of phase IV contributed 61.0%, followed by that in phase III (17.6%), phase II (14.2%), and phase I (5.6%). The WD in the drip system of phase IV contributed 61.4%, followed by that in phase III (18.9%), phase II (14.2%), and phase II (5.6%).





4. Discussion


4.1. Comparable Impacts of the Furrow and Drip Irrigated Systems


Semiarid and arid lands account for 43.1% of China’s land area, and agriculture in these areas has experienced a considerable water shortage because of the high evaporation rates and low precipitation [17]. Although irrigation can ensure the normal growth of trees and increase fruit yield in semiarid and arid areas, the environmental impacts may be high if improper irrigation management is carried out in orchards. In this study, the multi-year LCAs of pear production systems affected by furrow and drip irrigation in the Loess Plateau were calculated and compared. The results indicated that the cumulative WD, GWP, AP, and EP of the drip irrigated system over ten years were 148.3 m3, 130.1 kg CO2-eq, 0.9 kg SO2-eq, and 0.6 kg PO4-eq per ton of pear fruit harvest, respectively, and these values were 37.3–73.5% lower than those of the furrow irrigated system. The results in this study were consistent with that of previous research on the guayule rubber production system, which showed that the drip irrigated system could mitigate approximately 50% of the environmental impacts [33]. The total WFs were 0.9, 0.2, and 0.2 m3 kg−1 year−1 in phases II to IV of the drip irrigated pear production system, which were 50–71.4% lower than those of the furrow system. The gray water consumption derived by nitrogen leaching was the major contributor to the furrow irrigation pear production system, while blue water by irrigation played a dominant role in the drip irrigation pear production system. These results were similar to the water-saving drip irrigated systems reported by Zhang et al. (2021) in an apple production system, by Jayakumar et al. (2017) in a sugarcane production system, and by Lv et al. (2019) in the greenhouse tomato production system [19,34,35]. The drip irrigated agricultural systems could improve water and nutrient use efficiencies by decreasing nitrogen leaching [19]. The EP of the drip irrigated system was lower than that of the furrow irrigated system with improved nutrient management in North China Plain, both expressed by per hectare and per ton of fruit [8]. Nevertheless, the yield of the drip irrigated pear production system in the full production phase was slightly lower than that of the furrow irrigated system, which was different from the results for the drip irrigated systems applied for melon and tomato [35,36]. The annual average fertilizer application rate in the furrow irrigated system was too high at the full production phase, which led to a waste of resources and high environmental potentials, and excessive branch growth and biennial fruiting [37]. However, the annual average fertilizer application rate in the drip irrigated system was appropriate at the full production phase, which maintained a similar annual yield (Table S2) via orchard management by reducing excessive branch growth. Additionally, considerable environmental mitigation and limited yield decreases were receptible in the drip irrigated pear production systems.




4.2. Options for Environmental Mitigation in the Furrow and Drip Irrigated Pear Production Systems


The complete agriculture production phase was identified as the main contribution of GWP, AP, and EP over the fruit production phases [11], among which the contribution in the full production phase to the environmental impacts of orchards was demonstrated the most. However, the GWP, AP, EP, and WD of phase I to III contributed 39.3–46.1% in the drip irrigated system vs. 27.8–38.6% in the furrow irrigated system of the total amount, which should not be neglected in perennial orchard systems (Figure 5). In this study, fertilization contributed 72–98% to the environmental potentials in the furrowed system and 30–90% in the drip irrigated system (Figure 3), which was consistent with previous studies on pear [8,14], apple [13], and peach [6] production systems in China. Fertilizers, especially the chemical nitrogen fertilizer applied in the furrow and drip irrigation systems, should be optimized to reduce environmental impacts. Technological nutrient management for reducing the application rate of synthetic fertilizers should be considered [8]. For instance, the wider use of soil tests and fertilization, integrated soil–crop system management, and the recommendations from fertilizer nutrient experts should be highlighted to manage the fertilization to match crops or trees’ requirements [5,38,39], which was demonstrated to reduce the environmental potentials by 40–50% in the pear orchards of the North China Plain and 30–39% in a greenhouse pepper production system [8,40]. In addition, the proper ratio of chemical and organic fertilizer could further reduce the subsequent N2O and NH3 emissions, as well as the N-leaching at the field levels [7,41]. Moreover, the additional inputs associated with PVC supplies contributed 58.2% to the total GWP in the drip system at phase I; thus, more environmentally friendly materials could be applied, such as the bamboo winding composite pipes [42].




4.3. Sensitivity Analysis and Model Limitations


The results of sensitivity analysis are shown in Table 3. Overall, changes in the emission parameters of the reactive nitrogen losses had little effect on the environmental impact comparison of the furrow and drip irrigated pear production systems. However, the specific impact categories were influenced by the emission parameters change. In detail, changing the N2O emission parameter affected the GWP; the GWP, EP, and WFs were influenced by the reduced emission parameters of nitrate leaching; the AP and GWP were influenced by reducing NH3 emission parameters. Therefore, we can conclude that the sensitivity of the reactive nitrogen losses emission parameters from the furrow and drip irrigated pear production systems were not critically sensitive to the comparison analysis.



The environmental impacts of two different irrigated pear production systems were estimated in this study. Due to the same sales routes in the products, the system boundaries only included the cradle to the farm gate, which highlighted the principle focus on the environmental impact comparison influenced by the different irrigation systems. The diesel burnt emission parameters in the actual farm machines may be different from the background database. In arid and semiarid agricultural areas, some irrigation systems such as sprinkler, spray, and sub-drip irrigation have been demonstrated to good effect on crop productivities, water use efficiency, and environmental mitigation. For improving intensive fruit production management, collaborative irrigation systems were found to satisfy the integrated management needs. Future scenario modeling should include the other integrated irrigation systems and provide more options and suggestions to the orchard managers.





5. Conclusions


This study compared the LCAs of furrow and drip irrigated pear production systems in the Loess Plateau of China from the orchard installation phase to the full production phase. The results indicated that drip irrigation showed more efficient use of the applied agricultural materials, but had slight decreases in yields in phase IV compared to that of the furrow irrigated system. The cumulative WD, GWP, AP, and EP of the drip irrigated system over the total ten years were 148.3 m3, 130.1 kg CO2-eq, 0.9 kg SO2-eq, and 0.6 kg PO4-eq per ton of pear fruit harvest, respectively, which were 37.3–73.5% lower than those of the furrow irrigated system. The GWP, AP, EP, and WD of phase I to III contributed 39.3–46.1% in the drip irrigated system vs. 27.8–38.6% in the furrow irrigated system of the total amount, which should not be neglected in perennial orchard systems. The total WFs in phases II to IV of the drip systems were 0.9, 0.2, and 0.2 m3 kg−1 year−1, respectively, which were 50–71.4% lower than those of the furrow system. Green WF of furrow and drip irrigated systems were approximately the same, but the blue WF and grey WF of drip irrigation systems were 35.7–62.1% and 66.0–73.2% lower than those of the furrow irrigated system. The gray water consumption derived by nitrogen leaching was the major contributor to the furrow irrigated pear production system, while blue water by irrigation played a dominant role in the drip irrigation pear production system. Fertilization contributed 72–98% to the environmental potentials in the furrowed system, and 30–90% in the drip irrigated system, while additional inputs associated with PVC supplies contributed 58.2% to the total GWP in the drip system at phase I. The drip irrigated pear production system significantly mitigated environmental impacts, mainly due to reduced fertilizer application, electricity, and diesel demand. Ultimately, the outcomes from the multi-year LCAs of the furrow and drip irrigated pear production systems could provide useful information for decision-making by the pear orchardists in the Loess Plateau.
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Figure 1. Life cycle and system boundaries of pear production by the furrow and drip irrigated systems in Loess Plateau of China. 
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Figure 2. The water depletion (WD) and water footprint (WF) of furrow and drip irrigation pear production system in different phases. Phase I–IV represent the orchard installation phase, the primary growing phase, the low production phase, and the full production phase, respectively. The WD of the furrow system was 45.0–70.5% higher than that of the drip system, and the WFs were 2.3, 3.5, and 2 times that of the drip system. GWF was the major drive for the furrow system, while BWF played a dominant role in the drip system. Different letters represent significant differences (p < 0.05) among the phases (a, b, c, and d). 
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Figure 3. Annual GWP, AP, and EP expressed per hectare of furrow and drip irrigated pear production system in different phases. Phase I–IV represent the orchard installation phase, the primary growing phase, the low production phase, and the full production phase, respectively. AMS and OMS are the abbreviation of the agriculture materials input stage and orchard management stage, respectively. Different letters represent significant differences (p < 0.05) among the phases (a, b, c, and d). 
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Figure 4. Annual GWP, AP, and EP expressed per ton of the fruit of furrow and drip irrigation pear production system in different phases. Phase II–IV represent the primary growing phase, the low production phase, and the full production phase, respectively. AMS and OMS are the abbreviation of the agriculture materials input stage and orchard management stage, respectively. Different letters represent significant differences (p < 0.05) among the phases (a, b). 
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Figure 5. Phase contribution analysis of the furrow and drip irrigated pear production system. Phase I–IV represent the orchard installation phase, the primary growing phase, the low production phase, and the full production phase, respectively. 
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Table 1. Inventory data of furrow and drip irrigation pear orchards expressed as per hectare per year during the four growing phases. Fruit yield and waste pruning were expressed by means followed by different letters represent significant differences (p < 0.05) between drip and furrow irrigated systems (a, b).
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Inputs

	
Orchard Installation Phase

Phase I

	
Primary Growing Phase

Phase II

	
Low Production Phase

Phase III

	
Full Production Phase

Phase IV




	
Furrow

	
Drip

	
Furrow

	
Drip

	
Furrow

	
Drip

	
Furrow

	
Drip






	
Total fertilizer (kg ha−1 y−1)

	

	

	

	




	
N

	
403

	
626

	
417

	
198

	
528

	
278

	
831

	
362




	
P2O5

	
72.3

	
125

	
147

	
102

	
202

	
237

	
555

	
308




	
K2O

	
183

	
306

	
183

	
21.1

	
183

	
71.5

	
258

	
132




	
Synthetic fertilizer

	

	

	

	




	
N

	
55.2

	
46.5

	
69.6

	
186

	
180

	
266

	
625

	
350




	
P2O5

	
0.0

	
4.6

	
74.4

	
90.1

	
130

	
225

	
512

	
296




	
K2O

	
0.0

	
1.6

	
0.0

	
9.1

	
0.0

	
59.5

	
150

	
120




	
Organic fertilizer

	

	

	

	




	
N

	
348

	
580

	
348

	
12

	
348

	
12

	
206

	
12




	
P2O5

	
72.3

	
121

	
72

	
12

	
72.3

	
12

	
42.9

	
12




	
K2O

	
183

	
304

	
183

	
12

	
183

	
12

	
108

	
12




	
Electricity (kWh ha−1 y−1)

	
815

	
515

	
988

	
665

	
1394

	
901

	
1630

	
1115




	
Irrigation water (m3 ha−1 y−1)

	
4800

	
2850

	
5528

	
3288

	
8100

	
4125

	
10428

	
5776




	
Pesticides (kg ha−1 y−1)

	
6.1

	
4.3

	
6.8

	
6.5

	
12.7

	
11.8

	
16.8

	
15.3




	
Paper bags (kg ha−1 y−1)

	
0

	
0

	
100

	
100

	
500

	
500

	
900

	
900




	
Diesel consumption (L ha−1 y−1)

	
125

	
125

	
56

	
47.5

	
75

	
52.5

	
90

	
62.5




	
PVC supplies (kg ha−1)

	
0

	
602

	
0

	
0

	
0

	
0

	
0

	
0




	
Output

	

	

	

	




	
Yield (t ha−1 y−1)

	
0

	
0

	
7 ± 1 a

	
9 ± 1 a

	
27.5 ± 2.5 b

	
37.5 ± 2.5 a

	
72.4 ± 5.5 a

	
67.5 ± 3.5 b




	
Waste pruning (t ha−1 y−1)

	
0

	
0

	
1.2 ± 0.2 a

	
0.6 ± 0.1 b

	
3.1 ± 0.3 a

	
1.9 ± 0.3 b

	
4.8 ± 0.9 a

	
2.9 ± 0.3 b




	
Waste paper bags (kg ha−1 y−1)

	
0

	
0

	
100

	
100

	
500

	
500

	
900

	
900
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Table 2. The total global warming, acidification, eutrophication impacts, and water depletion during 2009–2018.
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Impacts

	
Unit

	
Per Hectare of Cultivation Areas

	
Per ton of Fresh Pear Fruit Harvest




	
Furrow

	
Drip

	
Furrow

	
Drip






	
TEI

	
GWP

	
kg CO2-eq

	
96,864

	
56,424

	
225

	
130




	
AP

	
kg SO2-eq

	
1481

	
399

	
3.4

	
0.9




	
EP

	
kg PO4-eq

	
770

	
255

	
1.8

	
0.6




	
TWD

	
WD

	
m3

	
101,901

	
63,863

	
236

	
148
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Table 3. Sensitivity analysis of changing the emission parameters of reactive nitrogen losses on the environmental impacts assessment.
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Furrow Irrigated System

	
Drip Irrigated System




	
GWP

(kg CO2-eq t−1)

	
AP

(kg SO2-eq t−1)

	
EP

(kg PO4-eq t−1)

	
WF

(m3 kg−1)

	
GWP

(kg CO2-eq t−1)

	
AP

(kg SO2-eq t−1)

	
EP

(kg PO4-eq t−1)

	
WF

(m3 kg−1)






	
Baseline

	
194

	
2.7

	
1.4

	
0.37

	
102

	
0.7

	
0.4

	
0.20




	
EP-10% (N2O emission)

	
189

	
2.7

	
1.4

	
0.37

	
101

	
0.7

	
0.4

	
0.20




	
EP-10% (nitrate leaching)

	
191

	
2.7

	
1.3

	
0.35

	
101

	
0.7

	
0.4

	
0.19




	
EP-10% (NH3)

	
193

	
2.5

	
1.4

	
0.37

	
102

	
0.6

	
0.4

	
0.20
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